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ABSTRACT: Cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) are the enzymes responsible for
the biosynthesis of the precursor to the biologically active prostaglandins, prostacyclin, and thromboxane
and are the molecular targets for nonsteroidal antiinflammatory drugs (NSAIDs). Selective COX-2 inhibitors
are antiinflammatory and analgesic but lack gastrointestinal toxicity, an undesirable side effect attributed
to COX-1 inhibition. Crystallographic analysis of selective COX inhibitors complexed with either isoform
provides some information about the molecular determinants of selectivity but does not provide information
about the dynamics of inhibitor association/dissociation. We employed rapid-mixing techniques and
fluorescence quenching to monitor the association and dissociation of a selective COX-2 inhibitor to
COX-1 or COX-2. The association of the fluorescent diaryloxazole, SC299, with both enzymes occurs in
a time-dependent fashion. Its binding to COX-2 occurs in three kinetically distinct steps whereas its binding
to COX-1 occurs in two steps. In contrast to the relatively rapid association of SC299 with both enzymes,
its dissociation from COX-2 is quite slow and occurs over several hours whereas the dissociation from
COX-1 is complete in less than 1 min. The selectivity of SC299 as a COX-2 inhibitor correlates to its
relative rates of dissociation from the two COX isoforms. A model is proposed for diarylheterocycle
binding to COX’s that integrates these kinetic data with available structural information.

Cyclooxygenases (COX)1 are heme-containing enzymes
that catalyze the conversion of arachidonic acid to PGH2,
the immediate precursor to the biologically active prosta-
glandins, prostacyclin, and thromboxane (1, 2). Two isoforms
of COX are known that produce prostaglandins in different
tissues with very specific roles (3). COX-1 generates prosta-
glandins that are important in gastric cytoprotection and
platelet aggregation, whereas COX-2 generates prostaglan-
dins involved in inflammation and hyperalgesia. Nonsteroidal
antiiflammatory drugs (NSAIDs) inhibit both COX isoforms
to varying extents, leading to beneficial antiinflammatory
and analgesic effects as well as gastrointestinal and hema-
tologic side effects (4). Selective COX-2 inhibitors retain

the antiinflammatory and analgesic activities of NSAIDs
without the undesired side effects (5-7).

The most extensively developed class of selective COX-2
inhibitors are diarylheterocycles that contain a sulfonamide
or methyl sulfone in one of the pendant rings (6). Steady-
state kinetic measurements indicate that these compounds
bind reversibly to both COX-1 and COX-2 but, once bound
to COX-2, the inhibitor-protein complex undergoes a slow
transition to a form in which the inhibitor is more tightly
bound (8). Thus, a two-step kinetic mechanism has been
proposed to explain COX-2-inhibitor selectivity (eq 1).

Detailed kinetic analysis of inhibitor-COX association is
complicated by the overlap of the time course for enzyme
inhibition with the rapid time course for enzyme catalysis
and autoinactivation. Thus, we have employed fluorescence
quenching techniques to probe enzyme-inhibitor binding by
exploiting the fact that heme is a powerful fluorescence
quencher (9). Previously, we were able to estimate heme-
inhibitor distances and conduct preliminary kinetic studies
of enzyme-inhibitor association using a pair of COX-1 and
COX-2-selective thiazoles (Figure 1) with fluorescence
emission spectra that overlap the heme absorption spectrum.
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Fluorescence resonance energy transfer techniques provided
distance estimates from SC076 to the heme of COX-1 of 20
Å and from SC092 to the heme of COX-2 of 18 Å (9). These
values are consistent with the values determined from
crystallographic analysis of COX-2 complexes with other
diarylheterocycle inhibitors (10).

Recently, we have utilized a fluorescent oxazole, SC299,
to measure the kinetics of association and dissociation with
both COX isoforms. SC299 is a powerful, time-dependent
inhibitor of COX-2 but a weak, reversible inhibitor of COX-
1. The results of our stopped-flow kinetic experiments
indicate that inhibitor binding tobothCOX isoforms is time
dependent and occurs at comparable rates. However, a
dramatic difference exists in the rate of dissociation of the
inhibitor from the two enzymes that accounts for the
selectivity of inhibition.

MATERIALS AND METHODS

Arachidonic acid was purchased from Nu Chek Prep
(Elysian, MN). [1-14C]Arachidonic acid (57µCi/mmol) was
purchased from NEN Dupont (Boston, MA). Hematin,
CHAPS, Tris, and dimethyl sulfoxide were purchased from
Sigma Chemical Co. (St. Louis, MO). (S)-Flurbiprofen was
from the Upjohn Co. (Kalamazoo, MI). SC299 was synthe-
sized as described (11). Octyl â-glucoside was purchased
from Calbiochem (La Jolla, CA). Ram seminal vesicles were
purchased from Oxford Biomedical Research, Inc. (Oxford,
MI). Sheep COX-1 was purified from ram seminal vesicles
as described (12). The isolated protein was 20% holoenzyme
and had a specific activity of 10-20 µmol of arachidonic
acid oxidized min-1 mg-1 after reconstitution with excess
heme. Mouse COX-2 was expressed and purified as de-
scribed (13). The isolated protein was 98% apoenzyme and
had a specific activity of 6-10 µmol of arachidonic acid
oxidized min-1 mg-1 after reconstitution with excess heme.

Equilibrium Binding of SC299 with COX.The fluorescence
intensity of 2µM SC299 titrated with 0.1-50 µM COX-1
and 0.1-10 µM COX-2 was measured in an ISS PC steady-
state fluorometer. Excitation was at 331 nm and was
polarized at the magic angle, 35.3°, to eliminate polarization
bias. Emission was detected through 365, 370, and 375 nm
long pass filters. Fluorescence intensities of the SC299 and
COX mixtures were subtracted by the intensity of COX alone
at each protein concentration.

Stopped-Flow Analysis of SC299 Binding to COX.Reac-
tions were performed with an Applied Photophysics SX.18MV
stopped-flow unit with a 100µL cuvette and an auto stop
assembly. For the on-rates, COX-1 or COX-2 (2µM) was
loaded in a separate syringe from SC299. For the off-rates,
COX-1 or COX-2 (4µM) was incubated with SC299 (0.5
µM) and loaded in a separate syringe from (S)-flurbiprofen.
The conditions for the off-rates were developed to ensure
that all of the inhibitor was bound at the beginning of the
reaction. Extremely slow off-rates were measured in a Spex
1681 Fluorolog spectrofluorometer equipped with a 450 W
xenon arc lamp to monitor dissociation over longer time
scales. Excitation for all experiments was at 331 nm and
was polarized with the magic angle set to 35.3° to eliminate
polarization bias (14). Slits were set to 0.5 mm on the
fluorometer for excitation and 2-4 mm on the stopped flow.
Emission was detected through a 365 nm long pass filter
for the stopped flow using a Hamamatsu emission photo-
multiplier with high voltage. For the off-rates with COX-2
in the fluorometer, emission was detected at 400 nm with
slits set to 1 mm. All experiments were performed at 25°C.

Data Analysis of SC299 with COX-1 and COX-2.The raw
fluorescent intensity data were background subtracted by the
mean of 2000 intensity measurements of the appropriate
buffer or buffer with protein controls. The resulting kinetic
traces of an entire titration experiment were globally analyzed
for apparent rates by the Levenberg-Marquardt method of
nonlinear least squares regression (15). The data sets for each
individual concentration were given their own concentration-
dependent rate and amplitude, and all of the concentrations
were globally linked by one or two concentration-indepen-
dent rates. The parameters were estimated by minimizing
the totalø2 of all of the fits at each concentration for the
entire titration (16). Theø2 was weighted by the error of the
measured intensity at each point. The intensity error was
estimated by the standard deviation of 2000 measurements
of the fluorescence of SC299 alone at various concentrations
for the different digitizer range settings used.

The uniqueness of the recovered parameters was estab-
lished by rigorous confidence analysis of the global rates. A
ø2 curve was generated for each rate by optimizing all of
the other parameters while holding the rate at various
constant values. The standard errors associated with the
recovered rates were determined from theø2 curves using
the F-test at the 67% confidence limit.

Measurement of Heme Stoichiometry.The amount of heme
bound to a specific enzyme preparation was measured by
absorbance at 410 nm (ε ) 123 000 M-1 cm-1) (17). Excess
heme was added to COX and allowed to equilibrate for 15
min on ice. Unbound heme was removed by gel filtration.

Kinetics of Inhibition As Determined by Thin-Layer
Chromatography.The inhibition of cyclooxygenase activity
of ovine COX-1 and murine COX-2 was measured by thin-
layer chromatography. Standard reaction mixtures (200µL)
contained 300 nM COX-2, 500µM phenol in 0.1 M Tris-
HCl, pH 8.0, and the following inhibitor concentrations: 25
nM, 50 nM, 100 nM, 200 nM, or 1µM SC299. Prior to the
addition of inhibitor or [1-14C]arachidonic acid, COX was
reconstituted with 1 equiv of Fe-PPIX for 5 min. The
preincubation time with inhibitor was varied from 15 s, 30
s, and 1, 2, 3, 5, or 10 min before the addition of 50µM
[1-14C]arachidonic acid. Reactions were terminated after

FIGURE 1: Chemical structures of selective COX inhibitors.
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incubation with arachidonic acid for 30 s by solvent extrac-
tion with 200 µL of ethyl ether, methanol, and 1 M citric
acid, pH 4.0 (30:4:1), containing 10µg of butylated hy-
droxyanisole and 10µg of unlabeled arachidonic acid. The
organic layers were spotted onto silica gel plates, and the
plates were developed with ethyl acetate/methylene chloride/
glacial acetic acid (75:25:1) at 4°C. Radiolabeled products
were quantitated with a radioactivity scanner (Bioscan, Inc.,
Washington, DC).

RESULTS

SC299 is an oxazole that is highly selective for inhibition
of COX-2 (18). Using a thin-layer chromatography assay,
SC299 exhibited aKi of 4 µM and akinact of 12.5 s-1 for
mouse COX-2 but did not inhibit sheep COX-1 at concentra-
tions as high as 1 mM. SC299 is fluorescent with aλmax for
emission of 406 nm andλmax for excitation of 331 nm. The
emission of SC299 overlaps the absorbance of the heme of
COX, enabling fluorescence quenching techniques to be used
to monitor the association and dissociation with COX-1 and
COX-2 (9).

Equilibrium Binding Titration of SC299 with COX Mea-
sured by Fluorescence Quenching.To establish that COX-1
and COX-2 interacted with and quenched SC299 and to
determine theKD’s of the interaction, we performed equi-
librium binding studies with SC299 and both isoforms.
SC299 exhibited increasing quenching with increasing
concentrations of both COX-1 and COX-2 (Figure 2). Free
heme or protein not containing heme did not quench SC299
fluorescence (data not shown). The binding of SC299 to
COX-1 was described by a single species binding model
where all of the bound states of SC299 were fit as a single
bound state with an effective quantum yield representing the
average of the quantum yields of the bound states populated
at equilibrium. The resulting equilibriumKD was 2µM, and
the effective intensity of the bound state of SC299 was 0.7%
that of free SC299. COX-2 exhibited binding consistent with
a KD in the range of nanomolar or lower. Since the
concentration of SC299 used was much higher than theKD,

a KD could not be determined for the COX-2 titration. The
stoichiometry of SC299 binding with COX-2 was determined
to be approximately 1:1. At 10µM COX-2, the intensity of
SC299 was 4% that of free SC299.

Association of SC299 with COX-1. We monitored the
fluorescence of increasing concentrations of SC299 following
incubation with a single concentration of COX-1 (2µM).
Fluorescence was rapidly quenched at all SC299 concentra-
tions, but the percentage of total fluorescence quenched
decreased at higher concentrations of inhibitor due to the
presence of increasing unbound inhibitor. The maximal
extent of quenching was 35% at the lowest SC299 concen-
tration. Decay curves, normalized to the fluorescence of free
inhibitor at each concentration, are displayed in Figure 3.
Association at all concentrations of SC299 was complete
within 20 s as judged by maximal fluorescence quenching.
For all concentrations of SC299, there was a small amount
of quenching (5-10%) that occurred in the dead time of the
instrument (not shown).

Global analysis of the apparent rates of association
determined that each on-rate was best described by two
exponentials. The data were fit to the following equation as
described in Materials and Methods:

whereI(t) is the total intensity at timet, A0 is the amplitude
associated with free SC299,A1 is the amplitude associated
with the rate constantk1, andA2 is the amplitude associated
with the rate constantk2.

The rate constant,k1, increased with SC299 concentration
from 0.5 to 2.5 s-1, and the resulting rate coefficient was
1.5 × 105 M-1 s-1. The concentration-independent rate
constant,k2, was 0.14 s-1. The goodness of fit as determined
by ø2 was 1.001 for the global fits (Table 1). Alternate models
were tested to fit the data but resulted in poorer fits.

Association of SC299 with COX-2.Figure 4 displays the
normalized decay curves of varying concentrations of SC299
incubated with a single concentration of COX-2 (2µM).

FIGURE 2: Equilibrium binding of SC299 with COX-1 and COX-
2. SC299 (2µM) was titrated with increasing concentrations of
COX-1 (top) or COX-2 (bottom). Measurements were performed
as described in Materials and Methods.

FIGURE 3: Association of SC299 with COX-1. COX-1 (2µM) was
rapidly mixed with SC299 (concentration is indicated beside each
trace). The data were background subtracted and normalized to the
intensity of free SC299 for each concentration. Stopped-flow
measurements were made as described in Materials and Methods.

I(t) ) A0 + A1e
-k1t + A2e

-k2t

6230 Biochemistry, Vol. 39, No. 20, 2000 Lanzo et al.



Association of SC299 with COX-2 was slower than the
association with COX-1 but was complete within 80 s.
Similar to COX-1, there was a small amount of quenching
(5-10%) that occurred in the dead time of the instrument
for all SC299 concentrations (not shown).

Global analysis of the apparent rates of SC299 fluores-
cence quenching by COX-2 revealed that the decay curves
were described by three exponentials:

To adequately fit the on-rates with COX-2, two of the three
rate constants are zero order with respect to SC299 concen-
tration, and the third rate constant is concentration dependent.
The two concentration-independent rate constants are 0.07
s-1 and 0.3 s-1. The concentration-dependent rate constant
was invariant at 0.02 s-1 from SC299 concentrations up to
2 µM and then increased to 1.5 s-1 with a resulting rate
coefficient of 1.2× 105 M-1 s-1. The ø2 for the fits was
0.99 (Table 1).

Dissociation of SC299 from COX-1.To measure the
dissociation of SC299 in real time, we prebound SC299 (0.5
µM) with COX-1 (4 µM) and then added a large excess of
(S)-flurbiprofen. As SC299 was released from the enzyme,
it was replaced by the nonfluorescent (S)-flurbiprofen,
thereby regenerating fluorescence due to free inhibitor. An
8-fold excess of COX-1 was prebound to SC299 to ensure
that all of the SC299 was associated with protein. Following
addition of (S)-flurbiprofen, SC299 dissociated within 30 s
(Figure 5). Several concentrations of (S)-flurbiprofen were
used for competition and resulted in identical dissociation
curves, indicating that the binding of (S)-flurbiprofen was
not rate limiting for the reappearance of fluorescence (data
not shown). In addition, COX-1 prebound to varying

concentrations of SC299 and then incubated with (S)-
flurbiprofen resulted in superimposable dissociation curves,
indicating that SC299 was occupying the same sites once
bound to COX-1 independent of the concentration of SC299
(data not shown). Fits to the dissociation of SC299 from
COX-1 demonstrated that the off-rate was multiexponential
and was described by dissociation rate constants of 0.1 s-1

(69% amplitude) and 0.36 s-1 (31% amplitude) (Table 2).
The fluorescence of SC299 released from COX-1 did not

return to that of an equal concentration of free inhibitor in
the absence of protein (refer to Figure 5). If the remaining
fluorescence quenching was due to SC299 bound at a
competitive site or in rapid equilibrium with (S)-flurbiprofen,
then a vast excess of (S)-flurbiprofen should return the
fluorescence intensity to that of free SC299. Therefore, we
measured the reappearance of fluorescence in the presence
of a 10 000-fold excess of (S)-flurbiprofen. The fluorescence
did not return to that of the free inhibitor (data not shown),
which suggests that SC299 occupies an alternate binding site
on COX-1 that does not compete with (S)-flurbiprofen and
results in a small amount of quenching.

To further determine if a noncompetitive site for SC299
binding existed, a competition experiment was designed in
which a 25-fold excess of (S)-flurbiprofen (100µM) was
preincubated with COX-1 (4µM) and then mixed with 0.5
µM SC299. The results demonstrated a fast diffusion-limited
association of SC299 with COX-1 even in the presence of
(S)-flurbiprofen (Figure 5). Furthermore, the extent of

Table 1: Rate Constants for the Association of COX-1 and COX-2
with SC299

reaction k1
a k2

b k3
b ø2

on-rates COX-1+ SC299 1.5 0.14 nac 1.001
on-rates COX-2+ SC299 1.2 0.07 0.3 0.99
a k1 is in units of ×105 M-1 s-1. b k2 and k3 correspond to

intramolecular events. The order of the intramolecular event cannot be
assigned at this time. Rate constants are expressed in units of s-1. c na
) not applicable.

FIGURE 4: Association of SC299 with COX-2. COX-2 (2µM) was
rapidly mixed with SC299 (concentration is indicated beside each
trace). The data were background subtracted and normalized to the
intensity of free SC299 for each concentration. Stopped-flow
measurements were made as described in Materials and Methods.

I(t) ) A0 + A1e
-k1t + A2e

-k2t + A3e
-k3t

FIGURE 5: Competition of SC299 from COX-1 by (S)-flurbiprofen
and of (S)-flurbiprofen from COX-1 by SC299. COX-1 (4µM)
was prebound to 0.5µM SC299 or 100µM (S)-flurbiprofen. The
SC299 prebound complex was rapidly mixed with 100µM (S)-
flurbiprofen. The (S)-flurbiprofen prebound complex was rapidly
mixed with 0.5 µM SC299. Controls include the preloaded
complexes alone and 0.5µM SC299 in the presence of 100µM
(S)-flurbiprofen but in the absence of enzyme. The resulting data
were background subtracted and normalized to the intensity of free
SC299 alone. Data were collected as described in Materials and
Methods.

Table 2: Rate Constants for the Dissociation of SC299 from
COX-1 and COX-2

reaction k-1 (s-1) k-2 (s-1)

off-rates COX-1:SC299 competed with
S-flurbiprofen

0.1 (69%)a 0.36 (31%)a

off-rates COX-2:SC299 competed with
S-flurbiprofen

2.5× 10-4 nab

a The amplitudes associated with each rate. The order ofk-1 and
k-2 cannot be assigned at this time.b na ) not applicable.
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quenching matched the extent of quenching remaining after
dissociation of SC299 from COX-1 (Figure 4) competed with
(S)-flurbiprofen. These results strongly suggest the existence
of a separate site for SC299 binding on COX-1 that is not
competitive with (S)-flurbiprofen.

Dissociation of SC299 from COX-2.Similar experiments
were performed to monitor the dissociation of SC299 from
COX-2. There was no recovery of fluorescence intensity on
the time scale in which total release was observed from COX-
1. To measure an apparently much slower rate, the competi-
tion experiment was performed in a steady-state fluorometer.
The release of SC299 occurred very slowly and required
approximately 3 h toapproach completion (Figure 6). Several
(S)-flurbiprofen concentrations were used to compete with
SC299 for COX-2 and resulted in identical dissociation
curves (data not shown). The rate of dissociation of SC299
from COX-2 fit to a single exponential with a rate coefficient
of 2.5 × 10-4 s-1.

As with COX-1, a small amount of quenching remained
after (S)-flurbiprofen competition of SC299 prebound to
COX-2. An analogous experiment to the one described for
COX-1 was performed with COX-2 prebound to (S)-
flurbiprofen and mixed with SC299. A similar rapid but slight
quenching of fluorescence was observed in the dead time of
the instrument, suggesting the existence of a binding site
for SC299 on COX-2 that is noncompetitive with (S)-
flurbiprofen (data not shown).

DISCUSSION

Fluorescence quenching is an excellent technique for
measuring the kinetics of association of small molecules with
proteins. It is particularly useful in studies of heme proteins
because the heme prosthetic group is a powerful fluorescence
quencher. As fluorescent ligands move closer to the heme
group, their fluorescence intensity decreases in a manner that
is sensitive to the distance from the heme and the orientation
of the fluorescence dipole of the ligand relative to the plane
of the heme. We have previously used fluorescence reso-
nance energy transfer in conjunction with molecular model-
ing to estimate the positions of the selective diarylthiazole
inhibitors, SC076 and SC-092, bound to COX-1 and COX-
2, respectively (9). The accuracy of the calculated distances
was verified by comparison of the model for the SC092-

COX-2 complex to the crystal structure of a complex
between COX-2 and a related diarylheterocycle, SC-566 (10).
No crystal structures have been reported for complexes of a
diarylheterocycle with COX-1 so our model of SC-076 bound
to COX-1 is the only currently available structure of a
diarylheterocycle with COX-1.

Despite the high selectivity of SC-299 for COX-2, it binds
rapidly to COX-1, as judged by the time course of fluores-
cence quenching following stopped-flow addition to the
enzyme. The results indicate that the association of SC-299
with COX-1 and COX-2 occurs at similar rates over a period
of about 30-120 s. However, SC-299 binds a little more
quickly to COX-1 than it does to COX-2. In addition, by
comparison of the steady-state intensities of SC299 under
conditions in which all of the SC299 was bound to either
COX-1 or COX-2, high fluorescence quenching was exhib-
ited by both isoforms, indicating that SC299 travels to similar
positions very deep in both COX-1 and COX-2.

The first step in binding is a bimolecular event dependent
on enzyme and inhibitor concentrations that occurs with
similar rate coefficients for both isoforms. After the initial
association, the subsequent events are different for COX-1
and COX-2. In COX-1 a single unimolecular step takes the
inhibitor deep into the enzyme. For simplicity of analysis,
this step was considered to reflect only enzyme-inhibitor
association although, given the rate coefficient for dissocia-
tion, it is likely that it represents an approach to equilibrium.
In COX-2 the inhibitor reaches a similar depth inside the
enzyme but requires two unimolecular events to complete.
Thus, the major difference in binding to the two enzymes is
that a third unimolecular event occurs in binding to COX-2.

Although there are clear-cut differences in the kinetics of
association of SC299 with COX-1 and COX-2, the overall
differences in the rates of association are too small to account
for the selectivity of COX-2 inhibition. Thus, we investigated
the dissociation of SC299 from COX-1 and COX-2 by
monitoring the reappearance of fluorescence as the inhibitor
diffused from the active site. These incubations were
conducted in the presence of a large excess of the nonfluo-
rescent inhibitor, flurbiprofen, to prevent reassociation of
SC299 once it departed the active site. SC299 spontaneously
dissociated from COX-1 in a two-step process that was
complete within 30 s. In contrast, SC299 dissociated from
COX-2 in a single-step process that required hours to
complete. Comparison of the rate coefficients for dissociation
indicated that release of SC299 from COX-2 was ap-
proximately 4000- or 1500-fold slower than from COX-1,
depending on which first-order rate coefficient for dissocia-
tion from COX-1 is compared. Even with the caveat that
these are not microscopic rate coefficients, it is clear that
there is a reasonable correlation between the relative rates
of dissociation and the selectivity for isoenzyme inhibition
by SC299. Thus, the selectivity for inhibition of COX-2 by
SC299 is determined by its very slow rate of dissociation.

These findings are consistent with previous reports from
several laboratories that diarylheterocycles associate rapidly
and reversibly with both COX isoforms and then undergo a
slow transition that leads to a more tightly bound inhibitor
in the selected isoform (8, 19-21). The formation of the
tightly bound complex accounts for the selectivity of
inhibition for either form of the enzyme. The overall
association of inhibitor with enzyme is usually depicted as

FIGURE 6: Competition of SC299 from COX-2 by (S)-flurbiprofen.
COX-2 (4µM) was prebound with 0.5µM SC299 and mixed with
400 µM (S)-flurbiprofen. Data were background subtracted and
normalized to the intensity of free SC299. Data were collected as
described in Materials and Methods.
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a two-step process (eq 1) (8, 22). However, using both
equilibrium binding and pre-steady-state kinetic fluorescence
quenching, we are able to observe that both isoforms bind
the inhibitor deeply in a time-dependent manner. In COX-
2, there is an additional step that occurs moderately quickly
but leads to highly stabilized binding. This third step and
the tight binding it generates accounts for the selectivity of
inhibition of COX-2 by SC299.

COX-1 and COX-2 from various species are approxi-
mately 60% identical in sequence, and inspection of the
crystal structures of both proteins reveals that their cyclooxy-
genase active sites are highly homologous (10, 23-27). This
similarity aids in the development of a structural model to
explain the kinetic differences in binding and dissociation
of SC299 with the two enzymes (Figure 7). The first two
steps in inhibitor binding are very similar in rate and order
(bimolecular and then unimolecular) and likely result from
similar molecular movements in the active site channel. The
bimolecular event represents the initial association of enzyme
and inhibitor whereas the unimolecular event represents
further movement up the channel. These movements likely
occur in the broad opening, which we term the lobby, that
leads from the membrane-binding domain to the constriction
that separates the lobby from the upper part of the channel,
which is the cyclooxygenase active site. We propose that
initial inhibitor binding occurs in the lobby, and then the
inhibitor moves past the constriction to the cyclooxygenase
active site. The region from the lobby to the constriction is
very similar in structure, and although there are differences
in individual residues, none of them have been shown to
contribute to inhibitor selectivity.

The major structural difference that does contribute to the
isoform selectivity of diarylheterocycles is at position of 523
of COX-1 (509 of COX-2) (28-30). The Ile residue in
COX-1 blocks access to a side pocket off the main cy-
clooxygenase channel whereas the Val residue at this position
in COX-2 permits access to the side pocket (27). The
sulfonamide or sulfone moiety of selective COX-2 inhibitors
inserts into this side pocket and forms a stable complex that
is responsible for selective inhibition (10). Mutation of the
Val residue at position 509 of COX-2 to Ile renders the
mutant protein resistant to time-dependent inhibition by
diarylheterocycles (28, 30). It is attractive to invoke move-
ments in and out of this side pocket as the cause for the
third step of SC299 binding to COX-2, which results in very
slow off-rates. According to this model, SC299 passes the
constriction into the cyclooxygenase active site in both

proteins so it may be located at similar distances from the
heme in each case. However, as the sulfonamide of the
inhibitor inserts into the side pocket of COX-2, a specific
interaction occurs leading to tight binding. This interaction
does not occur on COX-1.

An important corollary of this model is that the second
event responsible for fluorescence quenching in both en-
zymes represents the opening and closing of the constriction
separating the lobby from the active site. This occurs with a
rate coefficient of approximately 0.1 s-1. An alternate model
would have SC299 binding in the lobby and moving to a
position underneath the constriction in the second step. The
inhibitor would only pass into the cyclooxygenase active site
in COX-2, which would result in the third step in fluores-
cence quenching. We believe this model is less attractive
because of the structural similarity of the lobbies of the two
COX enzymes. It is not clear how the protein structural
changes above the constriction that are responsible for
COX-2 selectivity could influence the rate of inhibitor
movement through the constriction. Furthermore, the similar-
ity in the extent of fluorescence quenching by COX-1 and
COX-2 when all of the SC299 is bound suggests it is bound
at a similar distance from the heme in both proteins. Our
earlier modeling studies and the crystallographic analysis of
a COX-2-SC558 complex suggest that this distance is
approximately 20 Å, which places the bound inhibitor above
the constriction that separates the lobby from the cyclooxy-
genase active site (9, 10).

Finally, our results suggest that an alternate binding site
exists for SC299 on COX-1 and COX-2 that is not competi-
tive with (S)-flurbiprofen. The association of SC299 at this
noncompetitive site occurs within the mixing time of the
instrument and results in 5-10% quenching of fluorescence.
Similarly, for the on-rate experiments, a small 5-10%
quench occurs at a diffusion-controlled rate. Because this
site is noncompetitive with (S)-flurbiprofen and since it is
known that (S)-flurbiprofen binds in the cyclooxygenase
active site (10, 26), we do not believe that the noncompetitive
site is in the cyclooxygenase active site. The noncompetitive
site may represent a binding event not resulting in inhibition
so it may not be pharmacologically relevant.

The slow, tight-binding model originally proposed by
Rome and Lands has provided a useful paradigm with which
to describe the interaction of inhibitors with COX (22). This
two-step model of association is based on the kinetics of
inhibition rather than real time measurements of binding.
Inhibition studies are limited in their resolution by the
similarity of the time courses for time-dependent inhibition
and cyclooxygenase activity. This overlap makes it very
difficult to dissect multiple inhibitory events that occur at
similar rates. Our results demonstrate that association of
selective inhibitors with COX isoforms is more complex than
the two-step model. For example, SC299, a selective COX-2
inhibitor, rapidly associates and dissociates with COX-1
without resulting in a tightly bound inhibitor-enzyme
complex. The similarities in the association and dissociation
rates of the COX-1-SC299 complex account for the poor
ability of SC299 to inhibit COX-1. However, even this
rapidly reversible interaction of SC299 with COX-1 occurs
in two steps, which does not adhere to the simple kinetic
model for inhibition. The deviation from the slow, tight-
binding model is more dramatic for COX-2 in that the

FIGURE 7: Three-step model of SC299 binding to COX-2. SC299
binds in the lobby region in the first step, moves past the constriction
comprised of Arg120, Tyr355, and Glu524 in the second step, and
then inserts into the side pocket bordered by Val523 in the third
step. Insertion into the side pocket accounts for the stability of
SC299 binding and the stability of inhibition.
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association occurs in three stepsstwo that are similar to
COX-1 and a third step that results in an essentially
irreversibly inhibited enzyme. This third event represents the
establishment of an interaction with COX-2 not available to
the inhibitor on COX-1. This interaction results in a tightly
bound COX-2-SC299 complex in which the off-rate governs
isoform selectivity.

The present study establishes parameters for the use of
fluorescence quenching to monitor association of selective
inhibitors with their respective COX targets. This allows us
to measure dynamic events associated with the real time
binding of these fluorescent molecules using stopped-flow
techniques. The fluorescence data complement the available
crystallographic data in that the crystal structures present a
static picture of enzyme-inhibitor association but do not
provide information about the kinetics of association and their
dependence on individual residues in the substrate access
channel. There are multiple opportunities for the use of
fluorescence quenching to monitor dynamics of inhibitor-
enzyme association, and we provide here preliminary data
demonstrating the utility of this approach. Kinetic analysis
of COX-2 mutants that render it similar to COX-1 with
respect to inhibitor specificity will provide a test for our
model of enzyme-inhibitor interactions.
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